Keyhole-limpet-hemocyanin-specific I-Ad-restricted T helper cells type 1 (THl cells) and type 2 (TH2 cells)
Secretion of specific antibody by B cells in response to thymus-dependent antigens requires major histocompatibility complex (MHC)-restricted, linked recognition of antigen by B and T cells (1) (2) (3) (4) (5) . The L3T4' T helper (TH) cells involved in B-cell responses to T-cell-dependent antigens have been subdivided into two major types based on the analysis of panels of T-cell clones that secrete particular lymphokines and support various functional responses (6) (7) (8) (9) .
After activation, clones of T helper cells type 1 (TH1 cells) produce interleukin 2 and interferon y (9); clones of T helper cells type 2 (TH2 cells) produce interleukin 4 (7, 9) and 5 (9) . Differentiation of hapten-specific B cells into antibodysecreting cells requires both T-cell/B-cell interaction and the lymphokines secreted by the activated T cells (10) . In addition, recent data indicate that cells from the keyhole limpet hemocyanin (KLH)-specific, I-Ad-restricted TH1
clone HDK-1 support B-cell differentiation into IgG2a-secreting cells, whereas another cell line that has the same antigen specificity and MHC restriction but is of the TH2 type (T-286) supports the differentiation of trinitrophenyl (TNP)-specific antigen-binding B cells (TNP-ABCs) into IgGl-secreting cells (11) . This observation raises the question as to whether THl and TH2 cells, which have the same specificity and MHC-restricting elements, physically interact with the same or different antigen-presenting TNP-ABCs. To answer this question, we modified the approach used in a previously described model system designed to characterize TH2-cell/Bcell interactions (12) so that the type of T cell in the T-cell/ B-cell conjugate could be distinguished. Our results indicate that the vast majority of TNP-ABCs capable of conjugating to a TH cell can bind to either of the TH cell types and that the binding is antigen-specific and MHC-restricted. Furthermore, the interaction of an antigen-presenting B cell with one TH cell prevents the simultaneous binding of another TH cell, suggesting that some event occurs during T-cell/B-cell interaction that renders the B cell monogamous.
MATERIALS AND METHODS
Mice. Female BALB/c mice 7-10 weeks of age were bred in our animal facility in the Department of Microbiology (University of Texas Southwestern Medical Center at Dallas).
Cell Lines. The KLH-specific, I-Ad-restricted, TH2 hybridoma cells, BDK-23.1 (13) , were kindly provided by P. Kappler and J. W. Marrack (University of Colorado Health Science Center, Denver, CO) and the KLH-specific, I-Ad_ restricted TH2 cell line T-286 has been described (7) . The KLH-specific, I-Ad-restricted TH1 cell clone HDK-1 (9) and the chicken erythrocyte-specific I-Ad-restricted TH1 clone MD13-10 (6) have been described by Mosmann et al. (6, 9) . The KLH-specific, I-Ab-restricted TH2 cell clone 8-5 (14) was kindly provided by R. Hodes (National Institutes of Health, Bethesda, MD). The vesicular stomatitis virus-specific, H2Kb-restricted cytotoxic T-cell line (15) and the H-40a-specific, H-2Dd-restricted T-cell clone CB.91.41 (16) were kindly provided by J. Forman (University of Texas Southwestern Medical Center at Dallas). The I-Ad-restricted alloreactive T cell M264-20 has been described (6) .
Enrichment of TNP-ABCs. The procedure for enriching TNP-ABCs from the spleens of normal mice has been described (17, 18) .
Formation of T-Cell/B-Cell Conjugates. T-cell/B-cell conjugates were prepared as described (12) both TH1 and TH2 cells were preloaded with 6-carboxyfluorescein diacetate to distinguish them from the alloreactive T cell. After incubation, cells were resuspended 10 times with a Pasteur pipet, passed through nylon mesh, fixed in 3% (vol/ vol) formalin, stained with fluoresceinated goat anti-mouse immunoglobulin, and treated with 2% (wt/vol) paraformaldehyde. Preparations containing T-cell/B-cell conjugates were counted by fluorescence microscopy without knowledge oftheir origin. At least 300 TNP-ABCs were counted per sample in each experiment. Data are presented as the percentage of recovered viable TNP-ABCs conjugating to the respective T-cell types. These percentages are higher than those determined on the basis of input cell number (12) . Background conjugation (0-5%) was determined by using TNP-ABCs exposed to TNP-conjugated ovalbumin. This background level of conjugation was subtracted from the level of conjugation measured by using TNP-ABCs exposed to the appropriate hapten-carrier conjugate (TNP-KLH). Splenic T-Cell Preparations. Cell suspensions were prepared from the spleens of normal BALB/c mice. Splenic T cells were enriched by "panning out" B cells on rabbit anti-mouse immunoglobulin-coated plates (19) . Recovered cells were 90% Thy-1.2-positive. TH1 and TH2 cells that recognized antigen plus I-A (Fig. 3) . If alloreactive T cells specific for another MHC specificity were used, no competition was observed (data not shown). conjugating with the TH cells was determined. Subsequently, the same or different TH cells were added and cell mixtures were incubated for an additional 90 min. As shown in Fig. 4 , after maximal conjugation of TNPABCs to TH2 hybridoma cells, a percentage of the TNP- The rationale of the present studies is that the cognate interaction between T cells and B cells required for antibody formation to T-cell-dependent antigens (1, 2) depends upon physical interaction between the two cell types and that the B cell in the resultant conjugate gives rise to cells that secrete specific antibody. There is considerable, but not definitive, evidence to support this hypothesis (12, 20) . In the present competition experiments, it was shown that KLH-specific, I-Ad restricted, THi and TH2 cells are highly effective at competing with one another to form conjugates with normal splenic TNP-specific B cells. Indeed, the competitive inhibition was almost complete since the slope of the inhibition dose-response curves gave no indication that maximum inhibition had been achieved. Inhibition was antigen-specific and MHC-restricted, further supporting the concept that T-cell/B-cell interactions are physiological.
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We presume that these two TH cell clones recognize different processed peptides of the KLH molecule since it is improbable that there should be only one immunogenic peptide generated from such a large molecule or that, by chance, three independently derived cell lines and clones should recognize the same peptide. More likely, the two TH cells recognize different peptides and the presenting B cells display these peptides along with many others on their surface. Why then was there competition between the two TH cell types since each recognizes putatively different peptides bound to class II antigens? The answer may lie in the observation that only one T cell conjugates to one B cell. This observation is particularly interesting in light of the finding that competition also occurred with an alloreactive T cell specific for I-Ad alone and that this competition also resulted in the formation of conjugates containing one T cell and one B cell. This one-one interaction is not due to the unavailability of I-A molecules after conjugation because I-A molecules are still evenly dispersed on the surface of the conjugated B cell (data not shown). Thus, the first effective interaction between a T cell and B cell may preclude a second interaction, perhaps by rapidly aggregating accessory molecules that are essential for cell conjugation-e.g., lymphocyte function-associated antigen 1 (12) or CD4 (L3T4) (12, 21) .
A somewhat unexpected observation was that when the antigen-presenting B cells were incubated for 90 min with one type of TH cell, resuspended, and then incubated with the second type of TH cell for an additional 90 min, additional T-cell/B-cell conjugates formed only when a different type of TH cell was used. Thus, the percentage of conjugates containing one type of TH cell could not be increased by adding additional cells of the same TH cell type used in the first incubation, suggesting that all the B cells capable of conjugating to T cells of one type had done so. Yet, when cells of the other TH cell type were added during the second incubation period, additional conjugates were formed with the other TH cells. There are several possible explanations for this finding. (i) There is a small proportion of B cells that can bind to only one type of TH cell. (ii) Some T-cell/B-cell conjugates dissociate after the first incubation and the dissociated B cells lose the corresponding MHC-peptide complexes; hence, these B cells can only conjugate to the other type of TH cell since the B cell still expresses the MHCpeptide complex recognized by the other TH cell. (iii) Incubation with one TH cell type induces the release of specific lymphokines that influence the ability of the unconjugated B cells to conjugate preferentially to the other TH cell type. Although our results do not exclude any of these possibilities, it still appears that the majority of B cells have the potential to interact with either type of TH cell.
